The recent observation that class VI myosins move in a direction opposite to all other known myosins, taken together with analyses of mutant flies and mice, suggests that, instead of moving vesicles out towards the cell periphery, myosin VI more likely brings materials or membranes into the cell.
The rather inappropriately named 'unconventional' myosins -unconventional in comparison with the betterknown muscle myosin -are a superfamily of actin-based motor proteins, characterized by a conserved motor domain that generates ATP-dependent movement along actin [1] . Unconventional myosins have been found to be responsible for numerous cellular movements, such as cytokinesis, pseudopod extension, vesicle transport and the targeting of mRNAs, to name but a few [1, 2] . Few unconventional myosins have been biochemically analyzed in detail, however, because of the difficulties in isolating sufficient quantities of the protein, but improvements in expression technology have now made it possible to begin to systematically study many members of the myosin superfamily. The approach is already providing important new insights, one exciting recent example of which is the discovery that myosin VI moves in a direction opposite to all other known myosins [3] .
The direction of myosin VI movement was determined by testing an expressed myosin VI motor domain for in vitro motility, using actin filaments of marked polarity [3] . The myosin VI motor was found to move towards the pointed -slow-growing -end of actin filaments. In contrast, a comparable myosin V motor fragment moved towards the barbed -fast-growing -end of the actin filament. What is the molecular basis for this difference in movement direction? The class VI myosins differ from all other known myosins in that they have a unique insert in a critical region of the motor domain [1] . The myosin motor domain encompasses the nucleotide-binding and actinbinding sites and is attached to the 'neck' domain, referred to as the 'IQ' region, which binds one or more light chains. The region joining the motor domain to the neck is called the 'converter' domain, and this is where nucleotide-induced changes appear to be amplified into a swing of the lever arm -the α helix that comprises the light-chain-binding IQ region -resulting in movement [4, 5] . While some myosins, such as myosin III and myosin IX, have amino-terminal extensions of varying length and notable insertions in the two loops thought to influence nucleotide and actin binding, the layout of the motor regions is quite similar overall in most myosins [1] . Class VI myosins are apparently unique in having a 50 amino acid insert between the converter domain and their single IQ motif. It was the location of this unusual insert next to the converter domain that prompted Wells et al. [3] to investigate the directionality of myosin VI movement.
Consistent with the idea that the insert might dictate the direction of myosin VI movement, cryo-electron microscopy and image reconstruction of actin filaments decorated with the myosin VI motor in the presence of ADP revealed that the distal portion of the myosin head -the light-chain binding region -has an unusual shape [3] . This end of the myosin head was tilted towards the pointed end of the actin filament, the opposite orientation from that found in comparable observations of smooth muscle myosin II, a barbed-end-directed motor. Furthermore, a striking rotation of this lever arm in a direction opposite from that of myosin II was found to occur in assocation with ADP release. It appears that the insertion of this short sequence after the converter domain completely alters the direction in which the lever arm of myosin VI swings ( Figure 1a) .
Knowledge of the polarity of cellular actin filaments is now necessary to fully appreciate the potential functions of myosin VI. While images of the actin cytoskeleton can give the impression that it is a disorganized, tangled array of filaments, the filaments actually show a surprising degree of organization. Actin filaments abut the 'leading edge' of cells with their barbed ends, and their pointed ends are buried in the cell body [6, 7] . In a locomoting fibroblast, the filaments that are not immediately in contact with the leading edge exhibit a graded polarity [8] . The actin filaments in these cells are largely arranged longitudinally along the axis of the cell, and those filaments closer to either end of the cell generally have their plus ends directed towards the closest end. Certain specialized epithelial cells have apical projections, microvilli and stereocilia, that contain linear actin bundles of uniform polarity, with their the barbed ends adjacent to the plasma membrane and pointed ends buried in the cytoplasm [9, 10] . The underlying organization of cellular actin filaments, therefore, restricts the potential functions of motors, such as myosin VI, that are only capable of moving unidirectionally along these tracks.
The available evidence suggests that myosin VI may be involved in driving vesicle or particle movement. Myosin VI is associated with particles in the syncytial blastoderm of Drosophila embryos, and inhibitor antibody studies showed that particle movement is indeed driven by myosin VI [11] . Myosin VI is associated with particles or vesicles in cultured cells, where it is distributed throughout the cytoplasm [12] . It is also concentrated in the perinuclear region, where it shows partially overlapping co-localization with a trans-Golgi marker, and in the actinrich periphery of the cell, in a punctate pattern.
The appearance of the peripheral myosin VI staining in the cortex of cells suggests that it is present on vesicles and not simply associated with the actin cortex [12] . Both receptor mediated and non-receptor mediated endocytosis are actin-dependent in several systems [13] [14] [15] and this could be explained, in part, if a pointed-end-directed motor is used for pulling nascent vesicles into the cell past the cortical actin network during the early stages of vesicle trafficking. The fact that myosin VI moves towards the pointed ends of actin filaments suggests that it could serve to move vesicles along the filaments anchored by their barbed ends at the plasma membrane to the cell's interior. Interestingly, stimulation of cells with EGF results in the transient recruitment of myosin VI to the cortex, concomitant with increased ruffling. The ruffling could be accompanied by increased endocytic activity and thus the recruited myosin VI may participate in the internalization of new endocytic vesicles. [24] . Nodules of unknown composition (green circle) move along these actin filaments towards the cell body. Also, the plasma membrane of the cell appears to be pulled in the same direction along these actin filaments.
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A Drosophila myosin VI partial loss-of-function mutant has been identified, permitting closer examination of the hypothesis that this myosin is a vesicle motor. The jaguar mutant is the result of a P-element insertion at the 5′ end of the myosin VI gene that specifically disrupts expression in the testes, resulting in a defect in spermatogenesis [16, 17] . The early stages of spermatogenesis appear to proceed normally in the mutant fly, but the final stage, referred to as 'individualization' (Figure 1b) , is significantly affected. Individualization is necessary to separate each of the 64 spermatids present in a syncytium, or cyst, into individual flagellated sperm [18] . An actin-rich 'investment cone' initially forms around each sperm nucleus [16, 19] . Myosin VI spots co-localize with the nucleus and actin at this initial stage [16] . The investment cone moves towards the end of the sperm tail and myosin VI becomes concentrated at this 'leading edge'. The investment cones serve to draw the plasma membrane down along the edge of each individual sperm; as they progress, a bulge of increasing diameter moves along the length of the cyst until it reaches the end of the sperm tails. The remnants of the cyst cytoplasm, including excluded organelles are finally deposited at the base of the cyst into a structure referred to as a waste bag [18] .
The developing sperm of jaguar mutant flies have fewer investment cones, and their actin organization appears to be mildly disrupted [16] . The investment cones do, however, progress to varying degrees down the length of the sperm in the mutant. The phenotype suggests that myosin VI is required for both maintaining actin filaments in register and for driving membrane down along the length of the sperm. Given that some progression occurs, it seems unlikely that myosin VI is solely responsible for driving investment complex progression. One possible role for myosin VI is that it delivers membrane vesicles to the advancing front of the investment cone, providing the materials necessary for forming the membrane sheath that surrounds the sperm (Figure 1b) . The polarity of the actin filaments in the investment cone remains to be determined, but this information will be critical for confirming current models of myosin VI function in this system. New information on the mouse myosin VI mutant Snell's waltzer is consistent with a role for this motor protein in moving membranes along actin. Snell's waltzer mice are deaf and exhibit significant degeneration of the inner and outer hair cells of the cochlea [20] . The specific phenotype of the Snell's waltzer mice is surprising, given that myosin VI is found in a number of different tissues. In the ear, myosin VI is expressed only in the inner and outer hair cells of the cochlea, where it is found in the cuticular plate -a dense meshwork of actin where the stereocilia appear to be anchored into the cell body -and the cell body [20, 21] . Myosin VI is particularly concentrated in an apical region referred to as the pericuticular necklace, a region of the cell between the cuticular plate and the plasma membrane that appears to be the site of robust membrane transport [22] .
Analysis of the development of hair cells in Snell's waltzer mutant mice has revealed that myosin VI is not required for the formation of stereocilia [23] -these structures are formed and appear normal during the early stages of ear development. As early as the first day after birth, however, there is general disorganization in the stereocilia bundles, which appear to clump and fuse together. By the seventh day after birth, the degeneration of the stereocilia is near complete and the apical region of the hair cells is almost denuded of any projections. Careful examination of the apical surfaces of the hair cells showed that the stereocilia insert normally but the apical membrane appears raised, suggesting that there is an accumulation of excess material or membrane in this region.
The observed degeneration of stereocilia in Snell's waltzer hair cells suggests that myosin VI may be essential for keeping the membrane pulled down along each individual stereocilium (Figure 1c ). This could be accomplished either by removing membrane from the base of the stereocilia or by physically pulling the membrane down along the stereocilia. From the available data, it seems unlikely that myosin VI participates in the endocytosis of membrane from the base of the stereocilia. Clathrin-coated pits are apparent in the apical region of the cells near the stereocilia in Snell's waltzer hair cells and the initial examination of endocytic activity suggests that it is normal in the mutant [23] . Thus, is appears more likely that myosin VI provides some type of driving force to keep the membrane pulled down along the base of the stereocilia. Consistent with this conclusion is the observation that myosin VI is concentrated in the cuticular plate where stereocilia are anchored into the cell [21] . It is possible, however, that membrane retrieval from the base of stereocilia may not occur via coated pits, and that the initial measure of endocytosis may not have revealed the underlying defect.
The conclusion from mutant studies that the pointed-enddirected motor myosin VI moves membranes along actin filaments brings to mind two interesting forms of actinbased motility, which it seems can only be explained by the existence of a pointed-end directed myosin: the retraction of the cell margin during cell rounding that occurs in mitosis, and the movement of nodules along those fibers [24] . The actin filaments in retraction fibers are stationary, and most likely oriented with their plus ends towards the cell margin, as the membrane is pulled forward along them while the mitotic cell rounds up. The first form of motility -the movement of the membrane along the filamentsmight be explained by the action of a plus-end-directed motor pulling the membrane forward over the stationary actin filament (Figure 1d ). Nodules are apparent within these fibers, and these also move towards the cell body in the process of rounding up. Myosin VI might be directly associated with the nodules, acting to transport them directly towards the retracting rear of the cell (Figure 1d ). These observations are somewhat reminiscent of the roles for myosin VI suggested by analysis of the stereocilia in Snell's waltzer mice: both sets of results are consistent with myosin VI being both a particle motor and important for moving plasma membrane along stationary actin filaments.
The discovery that myosin VI moves 'backwards' along actin, along with the recent information about mutant phenotypes in flies and mice, has led to a rethinking of the role that this myosin may be playing in cells. The current evidence suggests that myosin VI plays two roles. In one case, it appears to serve as a particle or vesicle motor, moving membrane-bound cargo along actin filaments in the direction of their pointed ends and thereby to its destination in the cell. This may be the interior of the cell, in the case of cultured cells, or toward the leading edge of an investment cone as in Drosophila spermatogenesis. Additionally, or alternatively, myosin VI could serve to pull membrane along stationary actin filaments during the rounding up of mitotic cells or in order to keep the plasma membrane of adjacent stereocilia separate. Identification of the molecules that interact with myosin VI and more systematic investigations of actin filament polarity in cells that express myosin VI should provide additional important information about the function for this intriguing motor protein.
